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Abstract
The LHC will soon provide proton-proton collisions at the unprece-
dented center of mass energy,
√
s =14 TeV. This not only allows us
to probe new regions of high-pT physics, but also low-x and forward
physics. A selection of potential measurements are described to out-
line the prospects for low-x and forward physics in the ATLAS, CMS,
TOTEM, and LHCf experiments.
1 Prospects of Forward Energy Flow and Low-x Physics at the LHC
1.1 Introduction
In a pp collisions, forward collisions occur when x1 << x2, where xi is the fraction of the
proton’s total momentum carried by parton i (the Bjorken-x). Since one of the partons in a
forward collision must have a low-x, there is an inherent connection between forward energy
flow and low-x physics. After a discussion on the current status of the forward detectors in the
ATLAS, CMS, TOTEM, and LHCf experiments, some examples of the forward energy flow and
low-x physics potential of these experiments are given.
The gluon density of the parton distribution functions (PDF) of the proton were discovered
to grow as xG(x,Q2) ∝ x−λ(Q2), where λ ' 0.1 − 0.3 rises logarithmically with Q2, in deep-
inelastic scattering (DIS) ep collisions at HERA [1]. The ’saturation’ region, where the non-
linear effects of gluon-gluon fusion due to high gluon density become important, is expected to
be accessible at the LHC. Figure 1 shows the coverage of the LHC in x and Q2 [2], as well as a
schematic representation of BFLK [3–5] evolution into the saturation region.
Forward physics is also very interesting for the measurement of the high energy (1016 −
1020 eV) cosmic ray energy and composition spectrum. Above Elab ∼ 1014 eV only indirect
measurements of extensive air showers are possible. These indirect measurements depend on
simulations of the air shower high in the atmosphere. Since there is no accelerator data above
Tevatron (∼ 1015 eV), the simulations have to extrapolate over several orders of magnitude to
reach the highest energy cosmic rays at ∼ 1020 eV. The dominant contribution to the uncertainty
of these models is the soft QCD forward energy flow, which can be studied at the LHC.
1.2 LHC Forward Detectors
The Large Hadron Collider (LHC) will provide pp collisions with
√
s = 14 TeV to 4 interaction
points (IP) instrumented with detectors. This is a summary of the forward detectors instrumented
at IP1 and IP5. The ATLAS and LHCf experiments are located at IP1, the CMS and TOTEM
experiments are located at IP5. The ALICE and LHCb experiments will not be discussed here.
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Fig. 1: Schematic of saturation region (left), LHC coverage in x vs. Q2 compared to HERA and fixed target experi-
ments (right)
The ATLAS detector [6] is the general purpose detector at IP1. The ATLAS forward de-
tectors include LUCID, ALFA, and ATLAS-ZDC. The LUCID and ALFA detector’s [7] primary
objective is luminosity measurement, but they will also be useful for forward physics studies.
The LUCID (LUminosity measurement using Cerenkov Integrating Detector) detector is located
at ±17 m from the ATLAS IP (5.4 < |η| < 6.1) and consists of aluminium tubes filled with
C4F10 gas surrounding the beam-pipe and pointing towards the ATLAS IP. The Cerenkov light
emitted by a traversing particle from the ATLAS IP is reflected down the tube and read out by
photo-multipliers. Particles not coming from the ATLAS IP will not traverse an entire tube and
thus leave a much smaller signal, thereby reducing backgrounds. The LUCID detector is also
expected to be of use in diffractive physics studies (using rapidity gap signatures) and forward
multiplicity studies.
The ALFA (Absolute Luminosity For ATLAS) detectors are scintillating fibre trackers lo-
cated inside roman pots at±240 m from the ATLAS IP. The main purpose of ALFA is to measure
elastic proton scattering at low angles to determine absolute luminosity in ATLAS. To achieve an
optimal precision in the luminosity measurement, the LHC will have dedicated runs with the so-
called high-β∗ optics. This will provide the absolute calibration of the luminosity for the LUCID
detector. Potential for other physics using ALFA, such as, measuring the total pp cross-section,
measuring elastic scattering parameters, and using the tagged protons for diffractive studies are
also being explored.
The ATLAS-ZDC (Zero Degree Calorimeter) [8] is a tungsten/quartz calorimeter located
between the two LHC beam-pipes at±140 m from the ATLAS IP. By measuring neutral particles
at a 0◦ polar angle it will have a central role in the ATLAS heavy-ion physics program, where it
will be used to measure the centrality of the collisions, the luminosity, as well as be used in some
physics triggers. In the pp physics program, it will be used to study forward particle production
and energy flow.
The other experiment at IP1 is LHCf [9]. The primary objective of the LHCf collaboration
is to measure the forward production spectra of photons and pi◦’s in high-energy pp collisions to
constrain the models of high energy cosmic ray air shower development. The LHCf detectors are
tungsten/scintillator calorimeters with silicon microstrip and scintillating fibre trackers located at
±140 m from the interaction point.
The CMS [10] experiment is the general purpose detector at IP5. The TOTEM [11] exper-
iment shares IP5 with CMS. The CMS forward detectors include HF, CASTOR, and CMS-ZDC,
while the TOTEM detectors, T1/T2 and RP, are all in the forward region. While TOTEM and
CMS are independent collaborations, the experiments will have integrated read-out, allowing
TOTEM to benefit from the CMS central coverage, and CMS to benefit from the TOTEM for-
ward coverage.
The CMS HF is a steel/quartz calorimeter located 11 m from the CMS IP (3 < |η| < 5).
The primary motivation for the HF is forward jet tagging for the vector-boson-fusion Higgs
production channel, but it will play an important role in low-x and forward physics as well.
CASTOR is a tungsten/quartz calorimeter with electromagnetic (5.3 < |η| < 6.5) and hadronic
(5.2 < |η| < 6.4) components located at ±14 m from the CMS IP. The primary objective of the
CASTOR calorimeter in pp collisions is the study of the proton PDFs at very low x (∼ 10−6)
using Drell-Yan measurements. The CMS-ZDC is a tungsten/quartz calorimeter at±140 m from
the CMS IP. Like the ATLAS-ZDC, the CMS-ZDC’s primary physics objective is to measure the
centrality in heavy-ion collisions. In the pp program it can be used to study charge exchange
events with a leading neutron as well as forward energy flow.
The primary objectives of the TOTEM experiment are to measure; the pp elastic cross
section as a function of the square of the exchanged four-momentum (t), the pp total cross section
with a precision of approximately 1%, and diffractive dissociation in pp collisions at
√
s =
14 TeV. The TOTEM experiment consists of 2 tracking telescopes T1 and T2, as well as Roman
Pot (RP) stations. The T1 (3.2 < |η| < 5) and T2 (5 < |η| < 6.6) telescopes consist of cathode
strip chambers and gas electron multiplier chambers, respectively. The TOTEM RP stations
containing silicon strip detectors will be placed at a distance of ±147 m and ±220 m from IP5.
The stations can measure protons with a momentum loss ξ = ∆p/p in the range 0.02 < ξ < 0.2
for the nominal collision optics. For other optics with larger β∗, and hence lower luminosity,
much smaller values of ξ can be reached.
The FP420 (Forward Protons at 420m) [12] research and development project is aiming
to instrument both IP1 and IP5 with 3D silicon trackers and fast timing proton taggers to detect
the leading proton from high mass exclusive diffractive pp interactions.
1.3 Physics Prospects
The high cross section of forward jet production makes it a favourable channel to study the low-x
behaviour of the proton PDF at 14 TeV. Figure 2 (based on PYTHIA 6.403 [13]) shows that x
as low as 10−4 − 10−5 will be accessible in the CMS HF. So far, measurements at the Tevatron
have probed the proton PDF down to x ' 10−3. The CMS analysis of forward jets has two
primary objectives; the single inclusive jet cross-section in HF with ET ' 20 − 100 GeV, and
the ”Muller-Navelet” (MN) dijet cross-section with a jet in each of the +η and −η HF detectors.
Fig. 2: Generator level log(x1,2) distribution accessible at CMS given that one of the partons falls within the HF
acceptance (3 < |η| < 5 and ET > 20 GeV)
The primary objective of the single inclusive jet cross-section measurement is to constrain
the low-x proton PDF by including the data into the global PDF fits. This initial analysis con-
siders only 1 pb−1 of low luminosity data, since pile-up (a potentially significant contribution
to the systematic error) is negligible at low luminosity. Figure 3 shows that the statistics avail-
able in just 1 pb−1 are very large, but a full calculation of the systematic uncertainties (primarily
from detector response, underlying event, hadronization, and luminosity) needs to be completed
before a definitive statement on the possible constrains on the PDF are possible.
The MN dijet measurement is particularly sensitive to the BFKL [14] and small-x [15]
evolution of the proton. The colliding partons in the MN kinematics are both large-x valence
quarks (x1,2 ≈ 0.1) which produce a large rapidity interval between the two jets. The large
rapidity separation enhances the available phase space in longitudinal momentum for BFKL
radiation. Recent works [15] indicate that the presence of low-x saturation effects will suppress
the the forward-backward MN dijet production cross section compared to the BFKL prediction,
as seen in Figure 4. By using the +η and−η HF calorimeters, ∆η ∼ 9 (where the suppression is
∼2 at low Q) can be achieved in the CMS detector. A full study of the rate and jet reconstruction
efficiency in the HF must be performed before a conclusion can be drawn regarding the feasibility
of this measurement.
Another physics process that could provide information on saturation effects are forward
Drell-Yan pairs. With a large imbalance between the x of the q and q¯, the Drell-Yan pair is
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resolution as it minimises underlying event background. Seed thresholds lower than 2-3GeV
caused an inefficiency for low ET jets and introduced a larger dependence on the details of
jet fragmentation. In order to estimate the effects of the underlying event contributions and
the hadronization corrections we computed the jet cross-sections at the particle-level using
the iterative cone algorithm with all particles generated by PYTHIA after hadronization, as
well as at the parton-level recovering the original outgoing partons directly from the MC
“truth”.
9.2.3 Single inclusive forward jet measurement
Figure 9.4 shows the single spectrum measured in both HFs (3< |η| <5) obtained from
PYTHIA after jet reconstruction at the particle-level compared to a NLO calculation (CTEQ6M
PDFs, R = 0.5, scales µ = 0.5ET -2ET ) [174]. Although PYTHIA only contemplates LO dia-
grams, both calculations agree well. This is not unexpected since higher-order corrections
play a decreasing role at the large LHC energies [186].
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Figure 9.4: Single inclusive jet cross-section in HF (3 < |η| < 5) in pp collisions at 14 TeV as
determined with PYTHIA 6.403 at the particle-level with the cone algorithm (R = 0.5) (his-
togram) compared to a NLO jet calculation with scale µ = ET (scales variations in the range
µ = 0.5ET -2ET yield only ∼15% changes in the spectrum) [187, 188]. [Note that no detector
response, underlying event and hadronization corrections have been considered to produce
the spectrum].
Although we are not taking into account any detector response in this preliminary study, we
do not expect very significant changes in the measured spectrum due to: (i) the HF energy
resolution, (ii) electronic noise, or (iii) pileup events; inasmuch as the HF jet energy resolu-
tion is excellent [48] (thanks to the large forward boost of the produced jets), the expected
Fig. 3: Number of single inclusive jet events within the CMS HF acceptance expected in 1 pb−1 of data using particle-
level jets (cone R=0.5) from PYTHIA 6.403 with no detector r sponse, underlying ev nt, or hadronization corrections
applied.
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Figure 9.5: Ratio of the saturation over BFKL predictions for the Mu¨ller-Navelet forward
dijet cross sections in pp collisions at
√
s = 14TeV as a function of Q ≡ Q1 = Q2 for different
values of y ≡ y1 = −y2 [180].
HFs, reconstructing the relevant kinematics for the Mueller-Navelet process and determining
the cross-section as a function of Q2. In particular we applied the following event selection
cuts:
• ET,i > 20GeV
• |ET, 1 − ET, 2| < 2.5GeV (similar virtuality, to minimise DGLAP-evolution)
• 3 < |η1,2| < 5 (both jets in HF)
• η1 · η2 < 0 (each jet in a different HF)
• |η1|− |η2| < 0.25 (almost back-to-back in pseudo-rapidity)
The momentum transfer during the hard scattering is defined as:
Q ≡√ET, 1 · ET, 2 . (9.5)
The requirements Q ≈ ET, 1 ≈ ET, 2 and η ≈ |η1| ≈ |η2| allow one to go higher values in Y
(Eq. 9.4) [180]. The longitudinal momentum fractions x1,2 carried by the two interacting MN
partons can be obtained from the jet ET ,i and ηi via Eq. (9.1). As expected dijets passing the
chosen MN kinematics cuts have large-x: 0.02 ! x1,2 ! 0.3. The data were divided into 4
equal pseudorapidity bins in HF (η = [3., 3.5], ..., [4.5, 5.0]) and the dijet cross section in each
η bin was computed as
d2σ
dηdQ
=
Njets
∆η∆Q
1∫ Ldt , (9.6)
Fig. 4: Suppression of the MN forward dijet cross-section with low-x saturation compared to BFKL as a function of
Q ≡ Q1 = Q2.
boosted to large rapidities, and the low-x q and q¯ distributions become accessible. The effect
of saturation on the cross section is shown in Figure 5, where a standard parameterisation of the
parton density function (CTEQ 5M1) is compared to a saturated parameterisation (EHKQS) [16].
In the kinematic range accessible by the CMS CASTOR calorimeter, a 30% decrease in the cross
section is observed. Again, more study is required to make a definitive statement on the feasibility
of this measurement, but initial studies are very promising.
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Figure 9.7: The differential cross section for Drell-Yan production of e+e− pairs is shown
for a standard parameterisation of the parton density (CTEQ 5M1) and for a “saturated”
parameterisation (EHKQS) as a function of the dilepton invariant mass (upper plot) and of
Bjorken-x (lower plot).
Fig. 5: Comparison Drell-Yan pairs of non-saturation (CTEQ) and saturation (EHKQS) models using the CMS CAS-
TOR detector.
While the ATLAS and CMS ZDC’s primary focus is in the heavy ion program, they have
significant potential for measuring forward particle production in the pp program as well. The
ability to tag a forward neutron allows for the possibility to look for processes like p+γ →W+n,
where the forward neutron is used to identify the charge exchange process. The potential for
this process to be used to study trilinear gauge boson couplings has not yet been studied with
detector acceptances and efficiencies, but theoretical work is underway [17]. Measuring very
forward neutral scalar particle production is also possible with the ATLAS and CMS ZDC’s. The
reconstruction of pi◦ → γγ, η → γγ, and η′ → γγ is shown using the ATLAS ZDC in Figure 6.
The LHCf experiment will also reconstruct very forward pi◦ → γγ events and measure
their energy spectrum as well as providing information about forward energy flow for constrain-
ing high energy cosmic ray air shower simulations. The modeling of high energy cosmic ray
air showers is important to help resolve the apparent conflict in the results of the HiRes [18]
and AGASA [19] experiments regarding the GZK cutoff. The predictions of various models
are shown in Figure 7. The LHCf experiment will measure the forward production spectra of
pi◦’s and photon’s to constrain these models to improve the shower simulation precision and help
Fig. 6: Potential for forward neutral scalar boson reconstruction in the ATLAS ZDC
resolve the GZK cutoff question.
Fig. 7: Comparison of various high energy cosmic ray air shower simulations with an overlay of the acceptance of the
ATLAS, CMS, and LHCf experiments
Conclusions
The ATLAS, CMS, TOTEM, and LHCf experiments are well prepared to explore the low-x and
forward energy flow physics that will become accessible in the
√
s=14 TeV pp collisions of the
LHC. Using a variety of detector systems and event signatures, the experiments will cover a
broad spectrum of exciting forward physics measurements.
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